We present a joint theoretical and experimental investigation for electric-field effects on ground-state photoionization of Ca. For an electric field with its direction along the z axis, the dominant field-free, doubly excited, odd-parity (i.e., 3dnp and/or 3dnf ) resonances of the ) symmetries. Using a B-spline-based complex-rotation method with spin-dependent interaction, our theoretically calculated spectrum is found to be in good agreement with the observed spectrum from a cross-beam photoionization experiment for field strengths up to 25 kV/cm. We present in detail a number of qualitative features of the field-induced level crossing and avoided crossing in energy between neighboring resonances, their corresponding changes in width, and the resulting variation in resonance structure profiles. A few "hidden" resonances due to strong overlap with more prominant resonances are also identified theoretically.
I. INTRODUCTION
A substantial deviation of ionization rates from estimated rates based on the hydrogenic theory for highly excited Stark structures of the Na atom in a static electric field was first reported by Littman et al. [1] . This early work was followed by a more comprehensive investigation of the field effect for Rydberg states of one-electron-like alkali-metal atoms by Zimmerman et al. [2] . They suggested that the variation in Stark structures could be attributed to the details of level crossing and avoided crossing in the presence of an electric field. Subsequent to another work by Zimmerman et al. [3] on the Stark structure of Ba Rydberg states, Gallagher and coworkers [4] showed that the Stark spectra of doubly excited higher angular momentum states of Ba could be described very well by the hydrogenic model of Jacobs et al. [5] . Meanwhile, Cooper and coworkers [6] carried out a detailed investigation of the Stark effect near the ionization threshold of rare-gas atoms.
Parallel to the works on Stark spectra for one-electron-like atoms, strong variation of resonance widths and structure profiles of doubly excited autoionization states due to the presence of an electric field was also reported by Freeman and Bjorklund [7] in a three-photon ionization experiment on atomic Sr. In particular, they attributed a dramatic change in the resonance profiles to a sharp avoided crossing between the narrow 4d9f and the broad 4d12p resonances at approximately 6 kV/cm. In addition, Armstrong and Greene [8] carried out a detailed study to investigate the evolution of the autoionization Stark spectra of excited Ba from the 5d6p 3 
D o
1 initial state as the field strength varies. The result of their R-matrix calculation with a field-dependent frame transformation was in good agreement with the reported experiment data.
More recently, theoretical estimates of electric-field effects were carried out by Fang et al. [9, 10] using the * 051420@mail.fju.edu.tw complex-rotation method for He doubly excited resonances. Detailed calculations were carried out to show the variation of structure profiles for the overlapping doubly excited autoionization series of He [10] . Shortly thereafter, measurement was carried out in the spectral region below the He + (N = 2) threshold with fields up to 84.4 kV/cm, which led to the observation of more resonance structures than predicted by the theory [11] . To interpret the experimental spectra, Tong and Lin [12] proposed a propensity rule to determine the doubly excited resonances to be preferentially populated. Subsequently, by applying this propensity rule and taking into account the radiative decay of the resonance states, Mihelič andŽitnik [13] carried out a theoretical calculation of He photoionization cross sections, which matched well the spectra observed by Harries et al. [11] .
Although the spin-orbit interaction is expected to produce only a minor effect for two-electron atoms, Ivanov and Ho [14] studied the combined effect of electric field and spin-orbit interaction on the doubly excited resonances of helium-like ions. Their calculation showed that, under a two-level model, the spin-orbit interaction could manifest itself by modifying the resonance widths of the two resonances when level crossing occurs. Unlike the He atom, for a divalent atom, which has two valence electrons outside a closed-shell 1 S core, the spin-orbit interaction plays an important role in its photoionization spectra, as shown in our recent work on Mg, Ca, and Sr atoms [15, 16] . In this article, we present the results of a joint theoretical and experimental investigation of the dc electric-field effect on the ground-state photoionization of Ca. We expect such spectra to reveal in detail not only the mixing due to the spin-orbit interaction, but also the mixing of different J states between the predominant odd-parity resonances of 1 F e J =2 ) symmetries. We focus our discussion on the crossing and avoided crossing in energy between overlapping resonances, their corresponding changes in resonance widths, and the variation in resonance profiles due to the presence of a static electric field. Section II outlines the theoretical calculation and the experimental procedure. Results and discussion are presented in Sec. III. In particular, we present specific examples to illustrate a number of qualitative features that dictate the contribution from individual resonances (with different S, L, J , and parity) to the total cross section due to the field-induced change in resonance width and scattering phase shift.
II. THEORY AND EXPERIMENT

A. Theoretical calculation
The Hamiltonian for atoms in an external electric field F is given by
where H nr is the N-electron nonrelativistic Hamiltonian and H so is the spin-orbit interaction as described in [15] . We note that the field strength in Rydberg units is 1 Ry = 2.57 × 10 6 kV/cm. The Hamiltonian H nr is diagonalized with respect to the zeroth-order-state wave functions φ µ (θ ) defined by Eq. (17) of [15] , where = (SLJ M J ) represents a set of quantum numbers (i.e., the total spin, the total orbital angular momentum, the total angular momentum, and its corresponding magnetic quantum number, respectively.) Detailed expressions of the Hamiltonian matrix elements for spin-dependent H so are also given in [15] .
In a frozen-core Hartree-Fock approximation [17] , the matrix element representing the interaction between two J -dependent basis functions coupled by an electric field F = Fẑ takes the form
where the matrix F ji ba is given by
and
The matrix element d ba is given explicitly by Eq. (45) of [17] . In a rigorous theoretical calculation, both initial and final states should be obtained by the diagonalization of the Hamiltonian with the electric field included. However, since the initial ground state is approximately a pure J I = 0 state for all electric-field strengths in the present investigation, for simplicity, we have dropped the coupling due to the electric field from our ground-state calculation. As a result, for a linearly polarized light with the direction of polarization parallel to the electric field, only the M J = 0 components of resonant states could be excited from the ground state. Specifically, the field-free final states of the [15] should be replaced by
with a sum over all J states due to Stark mixing. The B-splinebased complex-rotation method (BSCR) approach also offers the possibility to analyze in detail the theoretical cross section σ (E) in terms of the contribution from individual resonance following the procedure outlined in [10] .
B. Experimental procedure
The experimental setup consists of the incident light, the interaction zone, the detecting system, and the atom gun system. Figure 1 presents a schematic diagram of the interaction zone and the detecting system. The synchrotron light with fixed polarization direction from the Seya beam line at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan, in the spectral region of 1500 to 2100Å, enters the interaction zone through a LiF window, which separates the monochromator and the experimental chamber and protects the monochromator from contamination by the metal vapor. The sodium-salycilate-coated glass, on the opposite side, was used to transfer transmitted VUV photons into visible fluorescence, which are detected by a photomultiplier (PMT). The slit width was adjusted to about 200 µm with a monochromator grating of 1200 G/mm to provide sufficient photon flux at about 5 × 10 10 photons/s in the interaction zone. 
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The observed spectrum was obtained with scan steps that vary at will from 0.06 to 0.6Å. The resolving power of the beam line is about 1000, or at an energy resolution of about 1.6Å. Although the energy resolution of the sychrotron radiation is not as good as that for the multiphoton laser experiments, it nevertheless could cover a much broader spectral region in a single experiment. This offers the opportunity to study in detail the onset of the strong variation of Stark profiles as the field strength increases.
A uniform dc electric field of approximately 3% stability was generated near the center of two parallel stainless-steel circular plates with an outer diameter of 30 mm. An atomic beam was injected into the interaction region in a direction perpendicular to the VUV light and the electric field was aligned in the same direction as the polarization of the incident light. On the right side was a solid high-voltage plate. On the left was a hollow plate, wired to the ground, with a central hole of inner diameter 15 mm. A tungsten mesh was placed on the surface of the hollow plate to sustain a uniform electric field in the interaction region. It allowed ions to reach the ion detector on the left. A similar hollow plate with mesh was placed in front of the ion detector to prevent electric-field penetration and to protect the Chevron-type microchannel plate (MCP) from damage due to the high field. Figure 2 presents the layout of the atom gun system. The atom gun was designed to consist of two parts, that is, a beamdefining nozzle 12 cm long with a 1 × 2-mm cross section at the top and a metal reservoir at the bottom. Two heaters were used to heat each part separately to the desired specific temperature up to 1200
• C. The heating element is made of tungsten filament and it is wired around the reservoir tube with a fixture to avoid direct contact between the filament and the stainless reservoir. The atom gun was heated by the radiation heat of the filament, which is substantially hotter than the atom gun itself. Temperature controllers were used to control the gun system to a set of stabilized temperatures, which allow the atom gun to generate a steady beam flux for different metals. For Ca, the filament temperatures were set at 900
• C for the upper one and 850
• C for the lower one. The high temperature of the tungsten filament emits a large number of thermal electrons, which has a sufficiently high energy to ionize the metal vapor ejected from the atom gun. Consequently, there must be a shield to prevent thermal electrons from colliding with neutral atoms on their way to the interaction zone. In addition, any metal condensation on the electrodes may cause electric breakdown and fail to sustain the electric field strength. A carefully designed baffle was installed at the top of the system to minimize the metal condensation on the electrodes and, at the same time, to inject metal vapor into the interaction zone in the direction perpendicular to the electric field.
The relative positions among the atom gun, baffle, and electrodes must be adjusted with great care to prevent the contamination of electrodes and the spread of thermal electrons. The baffle is put on the top of the water cooling shell surrounding the heating element as shown in Fig. 2 . It consists of two baffle plates below a slit plate. Its total length is 44 mm. There is one central hole on each baffle plate. The lower baffle plate, with a hole of 10-mm diameter, and the upper plate, with a hole of 6.5-mm diameter, are designed to optimize the condensation rate on the electrodes. A slit plate with a 1 × 10-mm rectangular aperture is placed on the top of this baffle. The distance from the slit plate to the center of electrode plates is 30 mm. Contact between the cooling shell and the slit plate warrants a low temperature of the slit plate and assures that Ca atoms from the atom gun are in the ground state. The distance from the bottom side of the baffle to the top of the gun nozzle is 30 mm. The entire system is made of stainless steel except for the tungsten filament.
III. RESULTS AND DISCUSSION
We first discuss qualitatively the change in resonance widths and the resulting variation in structure profiles due to the crossing or avoided crossing in energy of neighboring resonances as the field strength F increases. We start from a two-level approximation similar to the one presented by Ivanov and Ho in [14] . For a complex Hamiltonian, the energy difference between two resonances is given by
where E a and E b are the complex energies of the unperturbed resonances and c(F ) = 4V ab V ba . The complex matrix V ab (F ) represents the field-dependent interaction between the two resonances. For an actual crossing to occur at a field strength F = F 0 , either the real part or the imaginary part (but not both) of the energy difference E 1 − E 2 equals 0, that is, a crossing in energy if δE(F o ) = 0 or a crossing in width if δ (F o ) = 0. Near the crossing, that is, when the field strength F approaches F o , the difference between unperturbed complex energy eigenvalues, that is, E a − E b , could be expanded as
where E − i 2 is the difference between the unperturbed energies E a − E b at F = F o and a = a R + ia I is a complex coefficient, with a R and a I representing the rates of change of E a − E b as F approaches F o near the crossing. Qualitatively, for a crossing in energy, a R dominates over a I , since, near the crossing, the rate of change in energy is greater than the rate of change in width. Similarly, for a crossing in width, a I dominates over a R . For a crossing in width, or δ = 0,
has to be real and positive; that is,
. This leads to the necessary condition
Since V ab is a relatively slow-varying function of F , the energy separation between the two energy levels, that is, δE = √ A, also varies slowly as F increases and does not change sign when F moves from one side of F o to the other side or lead to an avoided crossing in energy. In other words, one might anticipate a substantial transfer in width (i.e., a crossing) between two resonances near an avoided crossing in energy. Similarly, one could show that the necessary condition for a crossing in energy is given by
This leads to a relatively slow-varying separation in width δ = − √ −A with no sign change near F o . In other words, one should anticipate only minor transfer of width near an actual energy crossing between two resonances. Figure 3 summarizes the experimentally observed Stark spectra as the field strength increases. Three autoionization series based on the earlier BSCR calculation [16] at zero field are identified to facilitate our discussion. Many of the detailed resonance structures could not easily be identified in the observed spectra either due to the limitation of the experimental energy resolution or because the resonance is "hidden" when it is overshadowed by other, more prominent resonances. The observed spectra, nevertheless, clearly show that they are affected by the field effect, especially on the higher energy side of the 3d8p 1 P 1 resonance. As a result, we focus our more detailed discussion later in this section on the spectral region with wavelengths shorter than 1645Å.
To study the field-induced structures in detail, a BSCR calculation was carried out for field strengths up 25 kV/cm and beyond, if necessary, for an in-depth analysis of spectra near crossing or avoided crossing of energy between neighboring resonances. Figure 4 (a) presents the theoretical spectrum of the field-free ground-state photoionization of Ca with only the J = 1 odd-parity components (i.e., F 2 for J = 2, are coupled together by the electric field. Many more Stark-induced structures appear compared with the observed spectrum shown in Fig. 4(d) , especially on the shorter wavelength side, where the spectrum is also very different from the field-free one. To better compare our theoretical and experimental results, all three calculated spectra are convoluted with a Gaussian slit function at an experimental energy resolution of 8 meV. Figure 5 shows a good agreement between our experimental and our theoretically convoluted results. With only Stark mixing of the J = 1 and J = 0 components, the convoluted spectrum already reproduces the observed one up to about 1634Å very well. Stark mixing due to J = 2 components contributes mostly to the shorter wavelength region below 
TABLE I. Calculated resonance energies E r (in Ry), widths (in a[n] = a × 10
n Ry), and probability densities ρ J (in %) of resonances shown in theoretical spectra between 1626.5 and 1632Å in the presence of external fields F (in kV/cm). Effective quantum numbers ν 0 for each field-free resonance against the 3d threshold are also listed. versus velocity results is generally about 5%-8% or less. Only the length results are shown.
In the energy region near the 3d9p 1 P 1 resonance, the field effect is clearly evident as shown in Fig. 7 . In addition to the even-parity 3d8d near 1636.6Å, are still too weak to be identified. As F increases further, the 3d8d 3 P 0 resonance no longer appears in the spectrum, as it is "hidden" in the dip of the window-like 3d8d 3 F 2 resonance near 1639.4Å. Similar to what we found for states at zero field [16] , the mixing of the spin states for the J = 1 3dnf multiplets due to the spin-orbit interaction remains strong and one could not assign a total spin for those states. Accordingly, they are labeled numerically as 3dnf (1), 3dnf (2), and 3dnf (3) as we did earlier.
Following the discussion presented earlier, as F increases, our calculation leads to an exchange of the widths (i.e., the actual crossing of width shown in Fig. 8 ) between the 3d8f (3) and the 3d8f (2) resonances due to the avoided crossing of energy between these two resonances near 25 kV/cm. We are also able to examine in detail the contribution to the total cross section of individual resonances, based on the procedure outlined in [10] . Figure 9 shows the variation in individual contributions of the two neighboring 3d8f (3) and 3d8f (2) resonances (from the plots on the left hand side) to the total cross section (from the plots on the right-hand side) as F increases up to 31 kV/cm. We should note that the individual contribution from each resonance may be negative since it does not include the background cross section. The total cross section plotted on the right hand side of Fig. 9 is always positive, as it should be, when the background cross section is included. Our calculation shows clearly an increase in width for the 3d8f (2) resonance while the width of the 3d8f (3) resonance decreases due to the avoided crossing of energy shown in Fig. 8 . At 25 kV/cm, the 3d8f (3) resonance appears with a window-like profile (see from Fig. 7 or the plot on the right hand side of Fig. 9 ) near the center of the more symmetric 3d8f (2) resonance.
Tables I and II present the variation of resonance energies and widths as F (in kV/cm) increases for resonances between 1622 and 1632Å. J mixing, expressed in terms of ρ J , or the square of the coefficient in Eq. (7), increases substantially as F increases. Figure 10 presents the more detailed energy variation as F increases from 0 to 25 kV/cm for resonances listed in Tables I and II between the 3d10d   3   D 2 and  the 3d10p 3 D 1 levels. The corresponding theoretical spectra between 1622 and 1632Å, shown in Fig. 11 , reveal a more prominent field effect on the resonance structure. Figure 12 compares the calculated, the convoluted, and the observed spectra at F = 10, 20, and 25 kV/cm on a more refined energy scale between 1622 and 1646Å. Similar to that in Fig. 9, Fig. 13 shows a detailed analysis of the individual contributions to the total cross section between 1630.4 and 1632Å. Part of the field-free width of the 3d10p The structure profile of the dominating 3d10p 1 P 1 resonance, shown in Fig. 11 , varies substantially as F increases. We note with interest that, unlike the window-like 3d9d Fig. 13 , the three plots on the left in Fig. 14 show a strong variation in the structure profile of the 3d9d 3 F 2 resonance, that is, from an asymmetric profile of negative q parameter at 10 kV/cm to a window-like resonance of near-zero q at 20 kV/cm with a substantial increase in width and, finally, to an asymmetric profile of positive q at 25 kV/cm when it moves across the 3d10p 1 P 1 resonance from the longer wavelength side to the shorter wavelength side. In addition to the variation in the q parameter for the 3d9d 3 F 2 resonance, the resulting structure profiles plotted on the right in Fig. 14 Fig. 15 . The presence of the 3d9d 3 P 0 resonance is minimal and barely visible in the spectrum shown. However, a detailed look at the individual contribution to the resonance structure shows that its q parameter also changes sign when it moves across the broad 3d10p 1 P 1 resonance to the shorter wavelength side. The sign change of the q parameter could be attributed to the change from constructive to destructive (or destructive to constructive) interference between the bound-bound contribution and the bound-continuum contribution when the bound-continuum contribution changes sign due to the change of π in its effective scattering phase shift when the energy of a resonance moves upward across another resonance (see, e.g., Fig. 13  in [18] ). Such a sign change of the q parameter along an autoionization series, due to a similar sign change resulting from the increase in π when the scattering phase shift moves across a resonance of another overlapping autoionzation series, has been discussed elsewhere [19] . At 25 kV/cm, the tiny peak near 1625.8Å between the 3d9f (1) and the 3d11s We now turn our attention to the spectral region between 1622Å and 1626Å, which covers nine resonances from our calculation. Figure 16 presents in detail the individual contribution from these nine resonances at three field strengths. Figure 16 shows a considerable change in the structure profiles of these two nearly degenerate resonances at a field strength above 20 kV/cm. At a field strength between 3 and 12 kV/cm, our calculation led to an interesting example of field-induced energy variation between the 3d9f (1) and the 3d9d 1 S 0 resonances, shown in Fig. 17 . We find first an avoided crossing of energy near 5 kV/cm and then a crossing near 10 kV/cm. The variations in width for these two neighboring resonances follow the qualitative feature we pointed out first in this section, that is, the pairing of the avoided crossing of energy and the crossing of width, and vice versa. The individual contributions to the total cross section from these two resonances are shown in detail, from 2 to 11 kV/cm, in Fig. 18 . Again, the spectral profiles vary substantially as F increases, while the widths of both resonances increase as shown in Fig. 17 . It is interesting to note that the crossing of energy has also led to a sign change of the q parameter of the 3d9f (1) resonance (see, e.g., the profiles at 2 and 11 kV/cm) as it moves down in energy across the 3d9d 1 S 0 resonance. This is consistent with the sign change of the q parameters for the 3d9d 3 F 2 and 3d9d 3 P 0 resonances shown in Figs. 14 and 15 when a narrower resonance moves across a broader resonance in energy. Although we find no sign change in the q parameter for a resonance near the avoided crossing of energy, our calculation shows a strong effect on the q parameter due to the substantial overlap between the two resonances. Qualitatively, the transition matrix does not go through a 0 due to a change of π in the scattering phase shift, which happens when there is an actual energy crossing. It, nevertheless, leads to a near-zero value in transition matrix due to a large change in the scattering phase shift and, consequently, a window-like structure profile. The profiles of individual contributions from the 3d8f (3) resonance at 25 kV/cm shown in Fig. 9 and the 3d9f (1) resonance at 4-5 kV/cm shown in Fig. 18 are two such examples.
In conclusion, as we have shown with a number of examples, the field-induced spectrum is strongly affected by two key qualitative features that dictate the variation of the structure profiles as the field strength F increases. First, near an avoided crossing of energy between two neighboring resonances, the difference in their resonance widths changes sign; that is, a crossing of width leads to a large transfer in width and, thus, a substantial variation in resonance structure profile. Second, near an actual crossing of energy, the sign of the difference in widths stays the same; that is, an avoided crossing of width in itself does not affect significantly the structure profile. However, the q parameter corresponding to the structure profile of an individual resonance changes sign due to the change in interference (from constructive to destructive, or vice versa) between the bound-bound and the bound-continuum contributions to the transition amplitude for a narrow resonance as it moves across a broader resonance in energy as F varies. This change in the q parameter again leads to a large variation in the resonance structure profile. Based on our detailed theoretical calculation, we are also able to assign nominally some of the resonances in terms of their field-free symmetries (i.e., the parity, the total spin S, the total orbital angular momentum L, and the total angular momentum J ). It is clear, however, that all these symmetries are broken in the presence of strong mixing due to the spin-dependent interactions as well as the external field.
